mRNA instability is an intrinsic property that permits timely changes in gene expression by limiting the lifetime of a transcript. The RNase E of Escherichia coli is a single-strand-specific endonuclease involved in the processing of rRNA and the degradation of mRNA. A nucleolytic multienzyme complex now known as the RNA degradosome was discovered during the purification and characterization of RNase E. Two other components are a 3' exoribonuclease (polynucleotide phosphorylase, PNPase) and a DEADbox RNA helicase (RNA helicase B, RhlB). RNase E is a large multidomain protein with N-terminal ribonucleolytic activity, an RNA-binding domain and a C-terminal 'scaffold' that binds PNPase, enolase and RhlB. RhlB by itself has little activity but is strongly stimulated by its interaction with RNase E. RhlB in vitro can facilitate the degradation of structured RNA by PNPase. Since the discovery of the RNA degradosome in E. coli, related complexes have been described in other organisms.
Introduction
RNAs can be classified by their stability in the cell. The best-known stable RNAs are the tRNAs and rRNAs. mRNAs are unstable, with half-lives in Escherichia coli ranging from 30 s to 20 min. In eukaryotic cells, mRNA turnover is slower, but the half-lives are usually shorter than the generation time. The instability of mRNA is an important property permitting timely adjustments to changes in growth conditions or to genetically controlled programmes of expression. Until recently, tRNAs and rRNAs were believed to be protected by their rapid folding and assembly into compact structures. This simplistic view seems unlikely because of the discovery of ribonucleolytic multienzyme complexes capable of unwinding and degrading structured RNA. Another widely held preconception was that the enzymes involved in the processing of stable RNA would be distinct from those in the degradation of mRNA. With the discovery in Escherichia coli and Saccharomyces cerevisiae that ribonucleases involved in the processing of rRNA are also important in the degradation of mRNA, it is now clear that there is a close connection between processing and degradation.
This article is a brief review of research on the RNA degradosome and its components. Its relation to complexes in other organisms is also discussed. The articles listed at the beginning of the reference list are recommended for reviews on the degradation of mRNA in eubacteria [14] and eukaryotes [5-71.
The degradation of mRNA in eubacteria and eukaryotes
In E. coli, the degradation of mRNA is mediated by the combined action of endo-and exoribonucleases. Two enzymes, RNase I1 and polynucleotide phosphorylase (PNPase), degrade RNA in a 3'+ 5' pathway. Enzymes related to RNase I1 and PNPase are widespread in both eubacteria and eukaryotes [8, 9] . RNase I1 is a hydrolytic enzyme producing nucleotide monophosphates (AMP, etc.). PNPase uses inorganic phosphate, yielding nucleotide diphosphates (ADP, etc.). Although we currently speak of PNPase as a phosphate-dependent exonuclease, this is not strictly correct since the nucleases are defined as hydrolytic enzymes. A double mutant in the genes encoding RNase I1 and PNPase is conditionally lethal. Under non-permissive conditions, RNA decay intermediates, produced by endonucleolytic cleavage, accumulate in the cell The 3' ends of many bacterial mRNAs, such as those formed by Rho-independent termination, are sequestered in stem-loop structures that protect them from degradation. Nascent transcripts also have protected 3' ends. An endonucleolytic cleavage can remove 3' stem-loops or release a [lo] . nascent transcript producing single-stranded 3' ends that are substrates for the exonucleases. RNase E, a single-strand-specific endonuclease, is essential for rRNA processing. Subsequent work on the degradation of the RNAl repressor, controlling ColEl plasmid replication, and bacteriophage T 4 mRNA showed that RNase E has a more general role in RNA processing and degradation [ll-141. It is now generally accepted that many mRNAs in E. coli decay by a pathway involving endonucleolytic cleavage by RNase E. T h e concept of the action of endo-and exo-ribonucleases in concert was an important advance in our understanding of the degradation of mRNA in E. coli.
T h e endonucleolytic decay of mRNA appears to be less important in eukaryotes than eubacteria, although it could be involved in the regulation of the stability of certain mRNAs. Two exonucleolytic pathways have been described in yeast: 5' + 3' and 3' + 5' pathways [15-191 . Eukaryotic mRNAs are protected by 5' cap (7-methyl-guanine nucleotide) structures and 3' poly(A)+ tails complexed with poly(A)+-binding protein. Deadenylation and decapping are prerequisites for degradation. In the 5' + 3' pathway of S. cerevisiae, decapping is deadenylation-dependent and the mRNA is degraded by the exonuclease encoded by X R N l . T h e 3' + 5' pathway involves a multiprotein complex, the exosome (described below). Curiously, E. coli does not have a 5' + 3' degradation pathway. T h e 5' ends of its mRNA are not capped and nor are there known 5' + 3' exonucleases. This also appears to be the case for other eubacteria. Thus the 5'+3' degradation pathway is apparently a specific feature of the eukaryotic cell.
The E. coli RNA degradosome
A large multiprotein complex, now called the RNA degradosome, was discovered during the purification of E. coli RNase E [13, . The major components of the RNA degradosome include RNase E, PNPase and the DEADbox RNA helicase B (RhlB) [23-251. T h e association of RNase E and PNPase in a complex provides a direct physical link for their cooperation in the degradation of mRNA. T h e complex also contains enolase, a glycolytic enzyme, as an integral component. Associated proteins, present in substoichiometric amounts, include polyphosphate kinase (PPK), DnaK and GroEL.
Interactions with other enzymes, such as E. coli poly(A) polymerase and the ribosomal protein S1, have also been described [26, 27] . The role of enolase, PPK and other associated proteins in the degradation of mRNA remains to be clarified. A 'minimal' degradosome containing RNase E, RhlB and PNPase can be reconstituted from purified components [28, 29] .
The RNase E/G family
RNase E is a large multidomain protein of 1061 amino acids. Its nucleolytic activity resides in the N-terminal half of the protein [30-331. The Cterminal half of the protein contains a proline-rich linker, an arginine-rich RNA-binding domain (RBD) and a region that is the scaffold for protein-protein interactions with the other components of the degradosome [34, 35] . E. coli encodes a related protein, now called RNase G, that is about half the size of RNase E [36-381. Although the catalytic domains are related, RNase G completely lacks the region corresponding to the C-terminal half of RNase E (Figure 1 ). Proteins related to RNase E and RNase G are found throughout that eubacterial kingdom and in certain plants [35, 39] . T h e plant homologues are presumably in the chloroplast, which is an organelle of eubacterial origin. T h e ' RNase E / G ' Figure I Schematic diagram of the primary sequences of €. coli RNase G and RNase E RNase G is a 495-residue endoribonuclease that is related to the N-terminal domain of RNase E. By alignment, the homology is distributed throughout the sequence (33% identical and 17% similar [SO] ). RNase E has a long C-terminal extension with a proline-rich linker, an arginine-rich RBD and a protein scaffold that organizes the interactions with the other enzymes in the RNA degradosome [34, 35] .
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COzH ( end in a double-stranded structure, impede RNase E-mediated degradation [42] . The products of RNase E have 5' monophosphates. Since RNAs with 5' monophosphates are the preferred substrate of RNase E, the slow initial cleavage of a protected substrate (5' triphosphate or a stemloop) is predicted to lead to the rapid cleavage of downstream sites. This could explain why the decay of many mRNAs in E. coli appears to be 5' -+ 3', as well as accounting for the phenomenon of all-or-none decay in which a slow initial cleavage is followed by the rapid loss of the entire mRNA. Recent experiments in vivo demonstrating the remarkable stability of covalently closed circular mRNA further support the importance of the RNA 5' ends in controlling degradation in E. coli [43] . It is noteworthy that RNase G is also 5'-enddependent [37,38] . This therefore appears to be a general property of the RNase E/G family.
Ribonucleolytic multienzyme complexes in other organisms
Several other degradosome-like complexes have been identified over the past decade. All act in a 3' + 5' degradation pathway. The yeast exosome exists as a cytoplasmic form that degrades mRNA and a nuclear form that processes rRNA and small nuclear RNAs [6] . The nuclear form is also involved in the degradation of pre-mRNA. The exosome core contains both phosphorylytic and hydrolytic 3' exonucleases (Table 1) . It is from their function in rRNA processing that many of these proteins derive their ' Rrp ' nomenclature. A number of co-factors are named 'Ski' for the observed super killer phenotype due to overexpression of a toxin from an endogenous RNA. Ski2p and Mtr4p are DEvH-box RNA helicases (where upper case letters indicate highly conserved residues and lower case letter indicates a moderately conserved residue ; single-letter amino-acid notation has been used). Exosome-like complexes apparently exist in a broad spectrum of eukaryotes ranging from trypanosomes to humans mRNA decay in the chloroplast has also been suggested to involve an RNase E-like endonuclease and a PNPase-like exonuclease (' RNPlOO').
However, despite an earlier report of a ' degradosome '-like association, the PNPase homologue isolated from the spinach chloroplast appears to be a hexamer of a single polypeptide [45] . Whether an endonuclease associates with the chloroplast PNPase is still an open question. So far no DEAD-box helicase has been identified in the chloroplast system. In mitochondria, however, the RNA helicase Suv3p, a component of the mitochondria1 exonuclease (' mtEXO ') complex, is required for intron degradation by the hydrolytic exonuclease Dsslp [46] .
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The phosphate-dependent RNase (RNase PH) superfamily of phosphatedependent 3' exonucleases A key similarity between eubacterial PNPase and the yeast exosome is that they both have phosphorylytic activity. The simplest phosphorylytic RNA-degrading enzyme is RNase PH, which is implicated in the maturation of tRNA in E. coli.
This small exonuclease now defines a superfamily of RNase PH-like enzymes that includes the catalytic domain of PNPase as well as many 3' exonucleases in the eukaryotic exosome [8, 9, 47] . The recently derived crystal structure of the eubacterial PNPase from Streptomyces antibioticus reveals for the first time the architecture of the catalytic site of a member of the RNase PH superfamily [48] . PNPase is a ring-shaped trimer. Sequence analysis suggested that each subunit of PNPase contains two RNase PH-like domains acquired as the result of a gene-duplication/fusion event [47] . T h e crystal structure reveals that the 
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In E. coli, endonucleases initiate degradation, producing mRNA fragments that are then degraded to nucleotides by 3' exonucleases. T h e principal endonuclease, RNase E, is 5'-enddependent. Regions of RNA structure that impede the exonucleases can be unwound by an RNA helicase. The main points for the control of degradation are thus RNA structures at the 5' and 3' ends of the mRNA that modulate endo-and exonuclease accessibility. RNase 11, which is hydrolytic, and PNPase, which is phosphorylytic, seem to have redundant functions. Nevertheless, related proteins are widespread in the eubacteria 
